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INTRODUCTION 
Compton scattering is an interaction of photons with atomic electrons, in which 
both the energy and the momentum are conserved. The photon interacts with a constant 
interaction cross section per electron ecrc for all materials at a certain photon energy. 
However the Compton scattering cross section per atom, crc' is equal to the number of 
electrons in the atom multiplied by the ecrc [1]: 
(1) 
this characteristic means that for a given photon energy, each material has a unique 
scattering cross section different from other materials. It also means that the higher the 
atomic number, the stronger the signal obtained from Compton scattering, at least for small 
thicknesses. 
In situations where the inspected object is very large, or when access is limited to 
only one side of the specimen, photons traveling in the forward direction can not be 
detected. These situations are fairly common when inspecting airplane wings or when 
inspecting machine parts without taking them off line. In these cases inspection with x-ray 
scattering technique can be performed by detecting the photons that have suffered scattering 
at large angles, more than 90 degrees. The problem with detecting photons at such large 
scattering angles is that the cross section for Compton scattering is very low, and 
consequently the signal from these inspections is weak. However several parameters can be 
optimized to enhance the probability of a back scattering event. These parameters include 
the angles of incident and scattered beams, the exposure time, current, and x-ray tube 
voltage. The orientation of the inspected object can also be optimized to minimize the 
distance through which photons are attenuated before reaching the detector. Optimizing 
these parameters for a certain inspection can be made fast, inexpensive and more 
convenient by using a simulation code. 
This paper describes a "back scattering inspection" simulation code. The code is 
menu driven, user friendly and general in the sense that it can simulate the inspection of 
mUltiple objects with complex geometry and different materials. The generality of the code 
relies on two features: 
1. It interacts with a CAD interface to extract the geometry information of the part: the 
code reads the output of the CAD software package 'IDEAS' and transforms the 
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triangular facet description of the object surface into distances. This gave the code the 
ability to handle multiple objects with complex geometry and different materials. 
Hence the ability to simulate the inspection of, for example, welds and complex 
structures. 
2. Simulation of the x-ray source: the code simulates the interactions of electrons with the 
x-ray generator target material and calculates a bremsstrahlung spectrum from the basic 
physical principles. This feature enables the code of simulating different x-ray 
generators settings as long as the tube voltage is below the cutoff energy of pair 
production 
USER INTERFACE 
The user interface with the code is menu driven with a graphical display of the 
result of the scan. A list of user input parameters is displayed on the side of the computer 
screen. These parameters are: 
1. The x-ray generator specifications: these are the generator settings, namely, tube 
voltage, current and exposure time, x-ray generator target material and angle, and the 
fIlter material and thickness. These specifications are necessary to generate the 
bremsstrahlung spectrum. 
2. The CAD fIle that contains the triangular facets describing the geometry of the 
inspected objects. 
3. The material of each of the inspected objects. 
4. The option of adding an elliptic flaw and its material. 
5. Source and detector collimations. 
6. Source and detector locations. 
7. Source orientation cp and the angle of back scattering e. 
8. Choice of scanning in the x, y, or z directions. 
ALGORITHM 
The scattering cross section at a certain angle e is given by the Klien-Nishina 
formula: 
collimated generator collimated detector 
y 
Figure 1. Configuration of the simulated inspection setup. 
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(2) 
where: 
Xo = mean free path of photons in the object material (cm) 
n = electron density (electronlcmI\3) 
ro = classical electron radius (cm) 
m = electron rest mass (MeV) 
Eo = incident photon energy (MeV) 
E = scattered photon energy (MeV) 
£ =E/Eo 
e = the scattering angle. 
. 2 () 
and g( £) = 1 - £ sm 2 ,and is called the rejection function. A combination of the 
1+£ 
scattering angle e and £ satisfies equation 2 only if g( £) is greater than a randomly 
generated number 1;. Hence, the probability of a Compton scattering event into a unit solid 
angle at the scattering angle e is: 
. £sin2 e p(scattermg at angle e) = 1- g(£) = --2-
1+£ 
(3) 
The first step in simulating an inspection with Compton back scattering is to specify 
the parameters necessary to generate a bremsstrahlung spectrum and to divide the spectrum 
into energy bins. Then, for each energy bin of the bremsstrahlung spectrum, find the 
intensity of the photons beam after penetrating an initial distance x in the object material: 
(4) 
where Il(E j ) is the total linear attenuation coefficient for the object material at energy bin 
E j • The intensity of photon flux that will interact while passing through the virtual source 
is given by: 
-,u(E. )dx 
I(E.) = I(E.){ 1. - e 1 } 
1 1 
(5) 
where dx is the virtual source thickness and as shown in figure 1, the virtual source volume 
(and hence dx) is defined by the detector and source collimators. The fraction of I(E j ) that 
will interact via Compton scattering is: 
,uCompt (Ej ) 
,utotal (E j ) 
where Ilcompt (E j ) is the linear attenuation coefficient of photons in the material of the 
inspected object due to Compton scattering. 
(6) 
So far, we have found the fraction of the incident beam that will suffer a Compton 
scattering within the virtual source. The choice of detector and source positions and their 
collimators define the desired scattering angle e, and energy for the scattered photons at 
each energy bin. The fraction of the photon beam that will suffer a Compton scattering into 
a unit solid angle in the direction of e is given by equation 3. This is the photons beam that 
will scatter isotropically in an azimuth angle of 21t. Only a portion of this beam will 
eventually hit the detector due to the detector collimation. The energy of the scattered 
photon beam is then obtained using Compton scattering formula [3]: 
, E· E.= I 
I 1 + (E/mc2)(1- cos()) (7) 
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where mc2 is the rest mass for the electron = 0.511 MeV. Finally, the back scattered flux 
is attenuated through the back scattering distance using equation 4. Notice that the 
attenuation coefficients for this step are those that correspond to the scattering energy 
obtained from equation 7. 
RESULTS 
Simulations for different inspection configurations have been generated. The base 
material in these inspections is aluminum with inclusions of different sizes made of 
different materials. Some examples demonstrating the capabilities of the code include depth 
profiles, effect of defect type (flaw or inclusion), effect of flaw (inclusion) locations, 
sensitivity to defect size, effect of different back scattering angles, and multiple material 
inspection. 
In situations where inspection is needed at higher depths, the tube voltage must be 
increased. Also when the sample material is made of a heavy metal like steel, the tube 
voltage needed to inspect at a certain depth is higher than the voltage needed to inspect at 
the same depth in aluminum for example. Figure 2 shows that the penetration of the beam 
increases with increasing tube voltage. 
The type of the defect, whether it is a flaw or an inclusion, determines the shape of 
the signal resulting from a back scattering inspection. Signals from inspecting a sample 
with a flaw are different from those resulting from inspecting the same sample with an 
inclusion made of a material heavier than the host material. When the virtual source is 
inside the flaw, the back scattering intensity drops to zero since scattering in void is 
negligible. As the virtual source leaves the flaw, the intensity increases again. However, 
when the inclusion is made of a heavy element like Ti for example, the back scattering 
intensity increases as the virtual source inters the inclusion (instead of dropping to zero in 
the case of a flaw). Once the virtual source is inside the inclusion, the photon beam is 
attenuated through the Ti inclusion and the intensity drops at a higher rate. As the virtual 
source leaves the inclusion, the intensity starts increasing again since the attenuation 
distance of the back scattered beam in the Ti decreases. Figure 3 shows the results of 3 
simulated scans, with a flaw, a Ti inclusion, and a "no flaw" case. 
The location of the flaw or inclusion also affects the shape of the resulting signal. 
Figure 3 shows the effect of the defect type on the resulting signal when the defect is in the 
way of the incident beam. For the same defect type, however, the simulation code predicts 
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Figure 2. Penetration depths in steel at different tube voltages. 
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Figure 3. The type of the defect determines the shape of the resulting signal. 
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different signals for the case when the defect is in the way of the incident beam from the 
case when the defect is in the way of the back scattered beam. When the defect is a flaw in 
the way of the back scattered beam, the photon intensity of the back scattered beam 
increases slightly compared to the "no flaw" case. This is due to the fact that less 
attenuation of the back scattered beam occurs when it passes through the flaw. On the other 
hand, when an inclusion made of Ti is in the way of the back scattered beam, more 
attenuation takes place and the photon intensity drops. As shown in figure 4, the resulting 
signal from a defect in the way of the scattered beam is completely different from that 
resulting from a defect in the way of the incident beam shown in figure 3. 
The sensitivity of this technique to different flaw sizes is determined by the size of 
the collimation on the source and on the step size while scanning in a certain direction. In 
the case when the flaw is in the way of the incident beam, the width of the drop in intensity 
is equal to the flaw size. For the time being, the code does not simulate the gradual 
approach of the virtual source to the flaw and hence the edge of the drop is a straight angle. 
If this was not the case, we would expect the edge to be blurred and the simulation would 
be more realistic. Figure 5a shows that width of the drop decreases as the size of the flaw 
decreases. Similarly; in the case of an inclusion, the width of the spike is a measure of the 
inclusion size as shown in figure 5b. 
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Figure 4. Z-scan with the defect is in the way of the back scattered beam. 
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Figure 5a. Sensitivity to different flaw sizes when the flaw is in the way of the incident 
beam. 
Sensitivity to the flaw or inclusion sizes when the defect is in the way of the back 
scattered beam has completely different features. When the defect is a flaw, void does not 
attenuate photons and therefore the intensity of the back scattered beam increases since 
there is less material to go through. The amount of the increase in the intensity is a function 
of the flaw size. As the flaw size decreases, the increase in intensity decreases to the point 
where the increase in intensity is within the statistical variation. At this point it is no longer 
possible to distinguish between the variation in photon counts that is due to a difference in 
the material thickness and the statistical variation that is inherent in the photon beam. Figure 
6 shows the signals obtained for several flaw sizes in the way of the back scattered beam. 
By a similar argument, a drop in the photon intensity is expected when the defect is an 
inclusion in the way of the back scattered beam and made of a material heavier than the host 
material. The amount of this drop depends on the size and type of the inclusion. 
As mentioned earlier, the choice of the source and detector positions and their 
collimators define the desired scattering angle. Klien-Nishina formula, equation 2, shows 
that Compton scattering cross section for a certain material is a function of both the energy 
of the incident photon and the scattering angle. For a certain energy, the intensity of the 
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Figure 5b. Sensitivity to different Ti inclusion sizes when the defect is in the way of the 
incident beam. 
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Figure 6. Flaw is in the way of the back scattered beam. 
back scattered beam differs from one angle to the other. Figure 7 shows the photon count at 
different scattering angles when scattered from the center of 2 cm radius sphere of 
aluminum at a tube voltage of 320 KV. The figure shows that the optimum angle to 
position the detector at is 120 degrees. 
Finally the code has the ability to simulate the inspection of multiple objects each 
one of them is made of different materials. Figure 8 shows the signal resulting from the 
inspection of two blocks on top of each others. The spike shows the transition from Al to 
Ti and the valley represents a void flaw. As mentioned earlier, since the code interacts with 
a CAD interface there is no limit on the complexity of the inspected objects. This feature 
comes handy when simulating the inspection of complex structures, assemblies and weld 
spots. 
CONCLUSION AND FUTURE WORK 
A very flexible back scattering simulation code has been developed. The code 
draws its flexibility from several features like: 
1. The ability to simulate a general bremsstrahlung spectrum from basic physical 
principles. 
2. Interaction with a CAD interface to handle complex geometry. 
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Figure 7. Optimizing the scattering angle. 
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Figure 8. Z-scan through multiple materials. 
3. The code handles multiple objects. 
4. Real time visual aid: the code displays in real time the progress of the inspection. 
5. Speed of execution: each one of the above scans was generated in less than one 
minute. 
The code can be a valuable tool to understand and to evaluate the resulting signal 
from a back scattering inspection. It can also be used to train users of this technique and to 
aid them in optimizing the inspection configuration (generator settings and inspection 
angles). 
This work is the back bone for future development of the simulation of back 
scattering inspection technique. The next step will be to compare the results of the 
simulation code with experimental results. Work is also needed to modify the code to 
simulate inspection with open detector collimation. The detector response was assumed to 
be ideal, work is needed to account for the real response of the detector which is essential 
to obtain realistic simulation results. 
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